An intriguing feature of centrioles is that these highly complicated microtubule-based structures duplicate once per cell cycle, affording the cell precise control over their number. Each cell contains exactly two centrioles, linked together as a pair, one of which is a mother centriole formed in a previous cell cycle and the other of which is a daughter centriole whose assembly is templated by the mother. Neither the molecular basis nor the functional role of mother-daughter centriole linkage is understood. We have identified a mutant, asq2, with defects in centriole linkage. asq2 mutant cells have variable numbers of centrioles and centriole positioning defects. Here, we show that ASQ2 encodes the conserved protein Tbccd1, a member of a protein family including a tubulin folding cochaperone and the retinitis pigmentosa protein RP2, involved in tubulin quality control during ciliogenesis. We characterize mitosis in asq2 cells and show that the majority of cells establish a bipolar spindle but have defects in spindle orientation. Few asq2 cells have centrioles at both poles, and these cells have properly positioned spindles, indicating that centrioles at the poles might be important for spindle orientation. The defects in centriole number control, centriole positioning, and spindle orientation appear to arise from perturbation of centriole linkage mediated by Tbccd1/Asq2p.
Results and Discussion

asq2 Cells Have Defects in Centriole Linkage
Centrioles exist in pairs, with one older mother centriole and one less mature daughter. This pair is held together by cohesion proteins, several of which have been identified [1] [2] [3] [4] . Centrin localizes to the connecting fibers [5, 6] , and C-Nap1 and rootletin have been functionally implicated in mother-daughter centriole cohesion [2, 4] . Each centriole matures and serves as a mother to give rise to a new daughter during each cell cycle through a template-driven synthesis process. Centrioles can form de novo [7, 8] , but this pathway is apparently suppressed by the template-driven duplication pathway. We previously identified a mutant in the green alga Chlamydomonas reinhardtii [9] , asq2, with defects in centriole linkage ( Figures  1B-1D ) that cause errors in both centriole number control and positioning. This phenotype resembles a class of mutants with variable numbers of centrioles and flagella (vfl) [10] [11] [12] [13] [14] , but asq2 is not allelic to these mutations (data not shown). Despite defects in centriole linkage, asq2 centrioles appear to have normal molecular composition, recruiting acetylated a-tubulin, centrin, Bld10p ( Figures 1B-1D ), and Vfl1p ( Figures  1E-1H ), consistent with previous ultrastructural analysis [9] . asq2 Maps to Linkage Group IX The asq2 mutation was generated in an insertional screen [9] with an aphVII hygromycin resistance cassette [15] . Using a degenerate polymerase chain reaction strategy [16] , we found this cassette inserted at position 1487009 on scaffold 22 of the Chlamydomonas genome [17] between two predicted genes (gene models 79905 and 191060, version 3.0) on linkage group IX (see Figure S1 available online). The aphVII insertion was linked to the asq2 mutation at a distance of approximately 16.8 centimorgans (cM) (96/572 recombinants).
asq2 cells were outcrossed to a polymorphic strain (cc-1952), and the mutation was mapped to a <0.3 cM region on scaffold 23 of linkage group IX between markers near gene models 148927 and 174289 ( Figure 1I ). Because this genomic interval contains gaps of poor sequence data, we examined a syntenic region in the closely related green alga Volvox carteri (http:// genome.jgi-psf.org/Volca1) and found a conserved gene, TBCCD1 ( Figure 1I , Volvox gene model 121354). A polymorphism near the corresponding Chlamydomonas locus was tightly linked to the asq2 mutation (0/750 recombinants).
ASQ2 Encodes the Conserved Protein Tbccd1
To determine whether asq2 cells have a mutation in the previously unannotated homolog of TBCCD1, we identified a 2043 bp open reading frame in Chlamydomonas ( Figure 1I ; GenBank accession number EU816954). We identified a 513 bp insertion in asq2 genomic DNA ( Figure 1J ), which lies in a splice junction between exons 8 and 9 of the predicted cDNA ( Figure 1I, arrow) . By sequencing reverse transcriptase-polymerase chain reaction products, we found that the asq2 mutant cDNA has a 168 bp insertion, but other splice products are visible ( Figure 1K ).
We transformed mutant cells with wild-type Chlamydomonas TBCCD1 ( Figure S2A ) and found that transformed cells were morphologically normal ( Figure S2B ), with wild-type centriole positioning as measured by our previously described metric [9] (Figure S2D ; mean q centriole = 21.0 6 9.6 , n = 60; compare Figures S2D-S2F ), wild-type spindle orientation ( Figure S2I ; mean q spindle = 94. Three protein families with TBCC domains have been described [18] . The first is the canonical tubulin binding cofactor C (TBCC), which catalyzes tubulin folding [19] . Chlamydomonas has one mutual best hit ( Figure 1L , blue box, gene model 147601). The second class of TBCC proteins contains homologs of the human gene RP2, which is mutated in patients with retinitis pigmentosa. The trypanosome homolog has been implicated in ciliary assembly [18] . Chlamydomonas has one mutual best-hit homolog of this gene ( Figure 1L , green box, gene model 179569) and one paralog (gene model 172780).
The protein encoded by ASQ2 falls into the third class of TBCC proteins, named Tbccd1 for TBCC domain-containing, which have a TBCC domain but reportedly [18] lack a conserved catalytic arginine residue responsible for GTPase-activating protein (GAP) activity [20, 21] . We identified an arginine residue *Correspondence: wmarshall@biochem.ucsf.edu ( Figure S3 ) two positions away from the functional residue in TBCC and RP2 proteins that may suffice for GAP activity. ASQ2 encodes a mutual best hit for Tbccd1 ( Figure 1L , yellow box, partial gene model 148930). Tbccd1 might help control centriole duplication through interactions with tubulin or by regulating folding/assembly of atypical centriole-associated tubulins such as d-and 3-tubulin [22] [23] [24] .
Asq2p/Tbccd1 Localizes to a Region Subproximal to the Centrioles
To localize Asq2p/Tbccd1, we generated an antibody to a 200 aa N-terminal fragment ( Figure 2A ). In wild-type cells, Tbccd1 localizes to a region subproximal to the centrioles between the centrioles and the nuclear envelope ( Figures 2C and 2D ). Some Tbccd1 was found on the centrioles themselves, but the majority localized to the region between the two nucleuscentriole connectors known as rhizoplasts (summarized in Figure 2B ). To our knowledge, Tbccd1 is the first protein known to localize to this cellular region, previously described by electron microscopy as a ribosome-free region of cytoplasm [25] . Tbccd1 localization was abolished in the asq2 mutant ( Figure 2E ) and restored in the rescue line expressing wild-type Tbccd1 (data not shown). We also found that Tbccd1 was recruited near centrioles in vfl2 cells ( Figure 2F ), although this localization was sometimes mispositioned, potentially as a result of the lack of rhizoplasts in this mutant. (L) Tbccd1 is contained within a family of proteins that is divided into three clades as described previously [18] : canonical TBCC (blue box), retinitis pigmentosa 2 (RP2, green box), and Tbccd1 (yellow box). TBCC domains from mutual best-hit proteins were aligned and organized into a phylogenetic tree with ClustalW. The following abbreviations are used: CR, Chlamydomonas reinhardtii; VC, Volvox carteri; HS, Homo sapiens; TB, Trypanosoma brucei; AT, Arabidopsis thaliana.
Centriole Linkage Is Required for Spindle Orientation
We next examined spindle establishment in asq2 cells. In Chlamydomonas cells, each pole has a pair of centrioles, which is attached to a two-membered rootlet structure composed of acetylated a-tubulin ( Figure 3A ; Figure S4 ) that forms a hooklike structure over the nucleus. In asq2 mutants, some centrioles are found at the poles ( Figures S4F and S4G) , whereas others are unassociated with the spindle apparatus ( Figure S4F ). Some asq2 cells form irregular spindles (35.5%; Figures S4I-S4K ), including monopolar ( Figure S4I ), tripolar ( Figure S4J ), or end-on-end spindles ( Figure S4K ). Most asq2 cells (64.5%; Figures S4F-S4H ) form a bipolar spindle. Spindle irregularity does not correlate with the presence or absence of centrioles at the poles. Because most asq2 cells form bipolar spindles but show defects in centriole position, we asked whether asq2 cells would show spindle orientation defects.
To measure spindle orientation, we used the pyrenoid center of mass and the cell center of mass to define a central cell axis ( Figure 3B ). We marked each end of the spindle to define the spindle axis and measured the angle between the spindle axis and the central cell axis (q spindle ; Figure 3B ). For measurement of q spindle , we considered only bipolar spindles. In wildtype cells, the average q spindle was 94. 6 6 17.2 ( Figure 3E ), consistent with previous visual estimates [26, 27] .
We could not differentiate the two poles during our analysis of q spindle ; hence for all statistical analysis, we measured the absolute value of the deviation of the angular measurement from 90 and will refer to this value as ''deviation.'' In asq2 cells, q spindle was 78. 9 6 36.4 with a mean deviation of 29.0 6 24.2
( Figure 3H ; n = 36), which differed significantly from wild-type (mean deviation = 14.9 6 8.7 ; p < 2.5e 23 by one-tailed t test; p < 4.6e 24 by F test on the variance). This defect in spindle positioning was also observed in other vfl mutants with defective linkage (Figures 3I-3K) . vfl2 cells had a q spindle of 80. 5 6 41.3 with a mean deviation of 33. 4 6 25.6 (Figure 3K ; n = 54), and vfl1 cells had a mean q spindle of 90. 3 6 38.1 with a mean deviation of 32.7 6 20.0 ( Figure 3N ; n = 33). Spindle position in both mutants differed significantly from wild-type. These data suggest that centriole linkage is required for proper spindle positioning.
It is formally possible that the centrioles formed in asq2 mutant cells are functionally defective, perhaps as a result of formation by a de novo assembly pathway (see below). However, we noted that the majority of asq2 cells as well as vfl2 cells were missing centrioles from one or both poles ( Figures 4B and 4D, respectively) . These cells had severe defects in spindle positioning (asq2: Figure 4F , mean = 77.1 6 33. 4 , n = 31; vfl2: Figure 4H , mean = 78.5 6 45.3 , n = 44), suggesting that it could be the absence of centrioles at poles, rather than defects in the centrioles themselves, that leads to spindle misorientation.
In a small subset of asq2 and vfl2 cells, centrioles could be found at both poles ( Figures 4C and 4E , respectively; distance is less than one standard deviation from the wild-type mean distance). In these cases, the spindles were correctly positioned (asq2: Figure 4G , mean = 90. 4 6 11.2 , n = 5; vfl2: Figure 4I , mean = 89.5 6 9.7 , n = 10), suggesting that centrioles are required at the pole to promote proper spindle positioning. bld2 cells, which have truncated centrioles [28] that fail to attach to the cortex [9] , also have a defect in spindle positioning [29] ( Figure S5 ), suggesting that full-length centrioles able to attach to the membrane are important for spindle orientation.
We therefore find a strong correlation between the presence of centrioles at the poles and proper spindle orientation. Although we cannot determine why some centrioles are at the poles and some are not, we speculate that differences between mature and immature centrioles might play a role in their ability to interact with the spindle apparatus and/or proper cortex attachment site.
Procentriole Position Relative to Mother Centrioles in asq2 Cells
We found previously that asq2 cells have defects in centriole positioning as a result of an inability of daughter centrioles to find the correct position on the cell surface [9] . Our previous studies were not able to determine whether the daughter centrioles lost their position during cell division or were formed in an incorrect position in the first place. Using cells expressing an HA-tagged copy of Vfl1p [11] , we investigated the location of newly forming centrioles in asq2 cells. Vfl1p is recruited early in centriole assembly and has been localized to nascent procentrioles [11] . Consistent with previous reports [11] , we found that wild-type cells that have duplicated their centrioles have four Vfl1p spots ( Figure 1E) . Two of these spots represent the original mother-daughter pair, and two represent the newly formed procentrioles. Only the more mature centrioles (the original mother-daughter pair) localize acetylated a-tubulin. The other two procentrioles only localize Vfl1p. We used this difference in staining to distinguish newly formed procentrioles from the older structures assembled in a previous cell cycle.
In asq2 cells, we found instances of pairs of centrioles ( Figure 1F ) as well as lone centrioles. In the case of paired centrioles, procentrioles may have been formed by the template-driven assembly process ( Figure 1F, arrow) . Similarly, some of the lone centrioles also localized acetylated a-tubulin, suggesting that they may represent older centrioles that are not being duplicated or are late to mature. We frequently found lone centrioles that only localized Vfl1p ( Figure 1G, arrow) . These centrioles may represent newly born daughters that, untethered to their mothers, have wandered to uncharacteristic locations. Alternatively, these lone procentrioles may have assembled de novo. We also found these procentrioles in cells lacking mature centrioles. Because preexisting centrioles are not known to degrade, and because procentriole maturation occurs within one cell cycle, the presence of procentrioles in cells lacking mature centrioles suggests that they can arise de novo ( Figure 1H, arrow) , as in other vfl mutants [7] .
In normal cells, de novo assembly does not occur when preexisting centrioles are present [7, 8] . Because centrioles may assemble de novo in asq2 cells containing preexisting centrioles ( Figures 1F and 1G) , we hypothesize that Tbccd1 may be involved in suppressing the de novo synthesis pathway. This model is supported by a computational analysis ( Figure S6A) showing that loss of templated duplication results in a centriole number distribution similar to that seen in asq2 and vfl mutants. Control of de novo synthesis by Tbccd1 might be direct (Figure S6B, arrow 1) or indirect through the regulation of centriole linkage, which might itself suppress unlicensed de novo synthesis ( Figure S6B, arrow 2) .
Accession Numbers
The gene sequence of ASQ2 has been deposited in GenBank with the accession number EU816954.
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Supplemental Data include Supplemental Experimental Procedures and six figures and can be found with this article online at http://www.cell.com/ current-biology/supplemental/S0960-9822(09)01304-9. , n = 31; H, vfl2 mean = 78.5 6 45.3 , n = 44). A small subset of asq2 and vfl2 cells have centrioles at both poles (C and E, respectively; distance is less than one standard deviation from the wild-type mean distance). (G and I) In these cases, the spindles are correctly positioned (asq2: G, mean = 90. 4 6 11.2 , n = 5; vfl2: I, mean = 89.5 6 9.7 , n = 10).
